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Introduction
Since the AFM development thirty years ago [1] [2] [3] , it became wide known as a high-performance tool for surface topography investigation of wide range of samples. Nevertheless the search for the optimum methods, which would describe samples properties and structure in the most complete way, drives the further development of AFM's. Methods for better surface visualization (sensitivity and resolution), scanning speed, and an ability to provide quantitative analysis of nano-mechanical properties and expanding the AFM applicability fields.
The most widely used method now is amplitude modulation method where cantilever resonant oscillations are generated at one of its own frequencies (e.g. at the first resonant frequency), while surface visualization is operated at a signal stipulated by oscillations amplitude attenuation as a result of interaction between a sample and a cantilever tip [4] . Nowadays the multimode mode is one of the most prospective ways to broaden the operating modes range, which opens new opportunities for AFM application [5] [6] [7] [8] .
The wide used method to measure the deflection of the cantilever customs a laser beam reflected from the surface of the cantilever onto a position-photodetector. When the cantilever is bended, the reflected laser light arise the cantilever at a different angle and provides in a measurable vertical shift of the laser spot on the detector. This method is called as beam detection.
The paper by Viani demonstrated the use of small cantilevers showing a high sensitivity and was used to unfold single molecules using imaging speeds an order of magnitude faster than previously performed with conventional cantilevers [9] . However, the use of small cantilever remains a challenging task using classical optical read-out techniques.
At the same time, during the surface scanning process tip deflection signal is also detected at excitation frequency. The drawback of this approach is the loss of additional useful information about sample that is contained in the deflection signal at frequencies that differ from excitation frequencies.
This problem is overcome in the AFM multimode mode that implies cantilever oscillations generation and\or response measurement at one or more frequencies. The received additional information, i.e. amplitude, phase and\or frequency response, may be used for both surface visualization with high resolution [10] [11] [12] and simultaneously extraction of additional information about the sample's nanomechanical properties simultaneously [13, 14] .
At the same time, the implementation of AFM multimode methods requires further theoretical discussion, as long as force interaction between the cantilever tip and the sample's surface in multimode mode is complex. As a result, experimental capabilities of AFM multimode mode now requires its theoretical understanding. In particular, the phase images, obtained with this mode, show clearly the detailed structure of the sample, however their physical interpretation is still unclear which obstructs a quantitative analysis of sample properties. Therefore, there is an actual need of research of measured response interpretation features in AFM multimode mode with considering its features and development of model-algorithmic support for near-surface structure properties measurement of materials and thin film in the micro-and nano-range.
The features of AFM multimode mode hardware implementation
The main measuring ingredient of atomic-force microscope is cantilever -a tiny force sensor in a form of cantilevered beam, the free end of which has a tip with sharpness at nano-range on it (Fig. 1). a b Fig. 1 . Piezoresistive self-actuated cantilever: a -cantilever scheme; b -SEM picture
Probe tip vertical displacement is operated by thermomechanical actuator in form as a resistive heater on cantilever surface. The bridge measuring circuit, located on cantilever surface as well, is used for measuring the displacement. The self-sensing and self-actuating cantilever allows for much easier system integration and significant reduction in its weight. Hence, the microscope provides better controllability for full metrological automation and significant higher scan speeds.
The fabrication and basic characteristics of thermo-mechanically driven cantilevers with integrated resistive readout have been described in detail previously [15] [16] [17] . In brief: we use Si cantilevers 300 µm long, 110 µm wide, and 3-4 µm thick. The cantilevers have a piezoresistive Wheatstone-bridge positioned on the base of the cantilever and thermomechanical actuator located at near of the tip.
Probe tip vertical displacement is operated by thermomechanical actuator in form as a resistive heater on cantilever surface. The bridge measuring circuit, located on cantilever surface as well, is used for measuring the displacement.
The capability to record additional responses in amplitude, phase and\or oscillation frequencies is stipulated by complementing a widely used AFM single-frequency circuit by additional generators and synchronous detectors. The described above structural scheme is shown in Fig. 2 .
In the presented scheme oscillation generators are used to excite several (in this case, the first three bending) oscillation forms of cantilever by an embedded thermomechanical actuator. A piezoscanner provides cantilever's displacement relative to the sample along X, Y and Z axis. As the cantilever tip approaches to the sample's surface, the force interaction arises between them, which lead A i , φ i are cantilever oscillation amplitudes measured at excitation frequencies f i
The opportunity of retrieving useful information from the additional data involves the necessity of researching mechanisms of informative signals conditioning during the sample surface scanning as well as it involves the development of reliable and exact amplitude, phase and -649 - properties, apart from topographic ones. The feedback is realized by complementing the scheme with a proportional-integrating link that forms a control signal further amplified and sent to Z-electrode of the scanner. At the output proportional-integrating link the signal is proportional to the sample surface topography height change. Based on this, the image of sample surface characteristics is further formed.
The opportunity of retrieving useful information from the additional data involves the necessity of researching mechanisms of informative signals conditioning during the sample surface scanning as well as it involves the development of reliable and exact amplitude, phase and frequency response interpretations. One of the most efficient solutions for this type of problem is simulation modeling.
Unlike other methods, e.g. analytic, simulation modelling is able to describe functioning of the system almost without limitations in terms of detailing. Matlab Simulink has been used for implementation of AFM multi-frequency resonance mode simulation model as it was the most appropriate solution in this case.
The further questions of creating a mathematical description for multi-frequency AFM converters and electronic components in the framework of solving the problem of its simulation model creation will be carried by the example of AFM with active cantilever produced by the Nanoanalytik GmbH
Company [18] .
Cantilever dynamic model
The simplest model describing cantilever displacement (while scanning is one-dimensional model)
considers cantilever as a resonator with lumped parameters. In case of multi-frequency cantilever excitation this model results in a system of n differential equations, as follows:
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where z i is the vertical cantilever tip displacement at the i-th oscillation mode; m i is the cantilever effective mass at the i-th oscillation mode; k i is the cantilever stiffness at the i-th oscillation mode;
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where z i is the vertical cantilever tip displacement at the i-th oscillation mode; m i is the cantilever effective mass at the i-th oscillation mode; k i is the cantilever stiffness at the i-th oscillation mode; ω i is the natural frequency at the i-th oscillation mode ( 
where ζ i is the relative damping coefficient; Q i is the quality coefficient of the i-th oscillation mode.
With the aim to transform model (1) to the form that would be more convenient for the structural modeling, it is considered rational to describe it as a state space. A dynamic object model in the state space is presented as an aggregate of physical variables q 1 (t), …, q n (t) that determine object's behavior in the further moments of time, on condition that the object's state at the first moment of time and all the applied impacts are known. The connection between input variables u 1 (t), …, u n (t), output variables p 1 (t), …, p n (t) and state variables q 1 (t), …, q n (t) is represented by the first-order differential equations written in matrix form.
The following variables are introduced as the mentioned above state parameters:
); F i is the amplitude of the i-th excitatory force; φ i is the initial phase of the i-th oscillation;
is the interaction strength between cantilever tip and the sample's surface at i-th oscillation mode; c i is the damping coefficient of i-th oscillation mode:
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1) results in the following system of equations in state variables:
is the vector of input effects, A (n×n) is the system's state matrix, B
atrix. 
Substituting (2) into (1) results in the following system of equations in state variables:
where q is the state vector, u is the vector of input effects, A (n×n) is the system's state matrix, B (n×r) is the control (input) matrix.
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[ ] -651 - Table 1 , are presented in Fig. 3 . The cantilever frequency characteristics based on the resulting model in accordance with the Matlab Simulink parameters given in Table 1 , are presented in Fig. 3 .
Thermomechanical actuator model
Thermomechanical actuator is by design a resistive heater on the cantilever surface of mass m h and specific heat c h that initially has resistance R h0 at ambient temperature T 0. When the electric current i flows through the conductor with resistance R h , the power is P. The temperature of the conductor rises by ∆T. Power that allocates at conductor's resistance, depending on overheating temperatures (relatively to the initial ambient temperature), is determined by the following expression:
НАДО R h0 . То есть НОЛЬ в индексе должен быть без наклона (не курсивом). 
is the overheat relatively to the initial temperature, β is the temperature coefficient of resistance.
Then the amount of heat accumulated in the conductor is:
The defining equation for thermomechanical actuator is the differential equation of heat is the overheat relatively to the initial temperature, β is the temperature coefficient of resistance.
Then the amount of heat accumulated in the conductor is: 
is the overheat relatively to the initial temperature, β is the temperature ient of resistance.
The defining equation for thermomechanical actuator is the differential equation of heat
T is the heater temperature, t is the time, α is the reduced heat transfer coefficient, S is the area of the heater, Т с is the ambient temperature.
Due to the difference between thermal expansion coefficients of cantilever materials (Sise, Al -metallization) the heat produced by the heater causes mechanical stresses in er and, as a result, bending. The displacement d of the tip along the axis Z may be calculated :
The defining equation for thermomechanical actuator is the differential equation of heat balance: 
where T is the heater temperature, t is the time, α is the reduced heat transfer coefficient, S is the surface area of the heater, Т с is the ambient temperature.
Due to the difference between thermal expansion coefficients of cantilever materials (Si -the base, Al -metallization) the heat produced by the heater causes mechanical stresses in cantilever and, as a result, bending. The displacement d of the tip along the axis Z may be calculated by [19] : of resistance. n the amount of heat accumulated in the conductor is: to the difference between thermal expansion coefficients of cantilever materials (SiAl -metallization) the heat produced by the heater causes mechanical stresses in nd, as a result, bending. The displacement d of the tip along the axis Z may be calculated
where L is the cantilever length, ρ is the curvature of the cantilever's bent axis [19] :
НАДО R h0 . То есть НОЛЬ в индексе должен быть без наклона (не курсивом).
where r is the curvature radius, b Si and b Al are the width of silicon and aluminum layers, respectively; α Si и α Al are the coefficients of silicon and aluminum thermal expansion, respectively; E Si и E Al are the silicon and aluminum elasticity modulus.
Then equivalent force developed by the actuator is:
s the cantilever length, ρ is the curvature of the cantilever's bent axis [19] :
the curvature radius, b 1 and b 2 are the width of silicon and aluminum layers, respectively; e the coefficients of silicon and aluminum thermal expansion, respectively; E 1 и E 2 are the d aluminum elasticity modulus. is the Hamaker constant, R tip is the radius of cantilever tip curvature, h = z s + ∆z is the etween the cantilever tip and the sample surface (∆z is the cantilever deflection value, z s is nce between the un-bended cantilever and the sample), a 0 is the intermolecular where I is the moment of section inertia, EI is the equivalent rigidity defined by the following expression [20] : 
Model of power interaction between cantilever tip and sample
It is possible to study a sample only due to the variety of powers appearing between the cantilever tip and the sample while surface scanning. Depending on the probe-sample distance different forces may prevail.
For instance, in the attraction mode (tip moving away from the sample) the prevailing type of interaction is Van der Waals force of intermolecular interaction. In the repulsion mode (tip approaching to the sample) elastic and inelastic interactions with the sample prevail. The interactions are calculated from the Derjagin-Muller-Toropov model [21] :
where r is the curvature radius, b 1 and b 2 are the width of silicon and aluminum layers, respectively; α 1 и α 2 are the coefficients of silicon and aluminum thermal expansion, respectively; E 1 и E 2 are the silicon and aluminum elasticity modulus.
Then equivalent force developed by the actuator is:
where I is the moment of section inertia, EI is the equivalent rigidity defined by the following expression [20] :
It is possible to study a sample only due to the variety of powers appearing between the cantilever tip and the sample while surface scanning. Depending on the probe-sample distance different forces may prevail. where H is the Hamaker constant, R tip is the radius of cantilever tip curvature, h = z s + ∆z is the distance between the cantilever tip and the sample surface (∆z is the cantilever deflection value, z s is the distance between the un-bended cantilever and the sample), a 0 is the intermolecular (interatomic) distance, E* is the effective modulus of elasticity of the probe-sample system:
, where H is the Hamaker constant, R tip is the radius of cantilever tip curvature, h = z s + ∆z is the distance between the cantilever tip and the sample surface (∆z is the cantilever deflection value, z s is the distance between the un-bended cantilever and the sample), a 0 is the intermolecular (interatomic) distance, E* is the effective modulus of elasticity of the probe-sample system:
where H is the Hamaker constant, R tip is the radius of cantilever tip curvature, h = z s + ∆z is the distance between the cantilever tip and the sample surface (∆z is the cantilever deflection value, z s is the distance between the un-bended cantilever and the sample), a 0 is the intermolecular (interatomic) distance, E* is the effective modulus of elasticity of the probe-sample system:
where E t and E s are the modulus of tip and sample materials elasticity, respectively, ν t and ν s are
Poisson's ratios of the tip and the sample materials, respectively.
, where E t and E s are the modulus of tip and sample materials elasticity, respectively, ν t and ν s are Poisson's ratios of the tip and the sample materials, respectively.
Measuring circuit model
Responses that come up during the scanning of the sample are recorded by a measuring circuit, embedded into the cantilever. The cantilever measuring circuit in the Nanoanalytik GmbH company's atomic-force microscope is formed by the system of four piezoresistors (R 1 , R 3 from one side and R 2 , R 4 from the other) with the resistance of 1098 ohms each one. All of the piezoresistors are located so that cantilever deformation causes resistance changes, equal in absolute value and opposite in sign, in the adjacent shoulders of the bridge. The typical reference voltage is V 0 = 2.5 V.
At the output of the measuring circuit the measured voltage V out is proportional to the difference of the relative resistances: 
At the output of the measuring circuit the measured voltage V out is proportional to the difference of the relative resistances:
where V 0 is the reference voltage applied to the measuring circuit.
While scanning, the cantilever perceives the external force action F from the surface, causing its deflection ∆z:
3 L EI k = is the cantilever stiffness.
It is obvious that the maximum cantilever deflection is observed at the loose end (Y = L
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is the cantilever stiffness.
where 
is the cantilever stiffness. 
The maximum bending moment for the cantilever under research loaded at the end by the concentrated force F appears at the attachment point (Y = 0) and is expressed by:
It is obvious that the maximum cantilever deflection is observed at the loose end (Y = L coordinate):
its deflection ∆z:
t is obvious that the maximum cantilever deflection is observed at the loose end (Y = L
he maximum bending moment for the cantilever under research loaded at the end by the rated force F appears at the attachment point (Y = 0) and is expressed by:
ausing its deflection ∆z:
The maximum bending moment for the cantilever under research loaded at the end by the oncentrated force F appears at the attachment point (Y = 0) and is expressed by:
Mechanical stresses from the given load reach the greatest value on its surface Z = ±t 1 /2 in the section where M max acts, i.e. in the place where the cantilever is clamped [22] : , the transverse piezoresistive coefficient is π t = -π l ).
The cantilever measuring circuit model created in conformity with the ratio described above is presented at Fig. 5 .
Simulation model of atomic-force microscope
The developed mathematical models of AFM converters and electronic assemblies, implemented as algorithmic blocks, allow switching to a multi-frequency AFM simulation model. The microscope where π is the piezoresistive coefficient, the value and the sign of which depend on the resistor's location at the cantilever (the longitudinal piezoresistive coefficient is π l = 70e-11 Pa -1 , the transverse piezoresistive coefficient is π t = -π l ).
The cantilever measuring circuit model created in conformity with the ratio described above is presented at Fig. 5 . 
The developed mathematical models of AFM converters and electronic assemblies, implemented as algorithmic blocks, allow switching to a multi-frequency AFM simulation model.
The microscope model described by a differential equations system has been implemented by means of Matlab Simulink package as a structural scheme (Fig. 6 ).
As the basis for the model the parameters matching the Nanoanalytik Gmbh company's atomic-force microscope cantilever were taken: cantilever length L = 350 μm, cantilever width w = 140 μm, aluminum layer thickness t Al = 0.7 μm, silicon oxide layer thickness t SiO2 = 0.5 μm, 
Conclusion
In this paper we have presented a model describing the operation of self-actuating and self-sensing cantilevers and their mechanical and electrical characteristics. This paper presents also particularly a properties.
